During hyperthermia treatments, for determining internal temperature by using non-invasive ultrasound estimation, it is necessary to know some tissue ultrasonic characteristics around the hyperthermia range. The aim of this work was to determine in detail the changes of some ultrasonic properties (velocity and attenuation) of muscle, fat and liver tissues in the specific range of 26°C to 50°C. We proposed an experimental setup which allows minimizing the expansion effects in the biological samples. The ultrasonic signal passes through tissue and it is reflected by a 1-mm needle arrangement, inserted in the tissue sample. The results in the propagation speed behaviour, for the three studied tissues, appear to be quasi-linear with temperature changes. The attenuation coefficients are also presented for different temperatures.
Introduction
It is important, during hyperthermia treatments, to measure temperature distribution in the treated area. This allows identifying hotspots and getting a quantitative measurement of temperature increase, i.e. clinical assessment. Optimization of efficiency in hyperthermia requires a precise and non-invasive estimation of temperature distribution. Some of the non-invasive techniques that have been proposed to estimate temperature in a non-invasive way are shown in Table1.
The use of the ultrasound to estimate temperature in a non-invasive way is one of the most promising techniques due to its advantages: signal processing and recording in real time, high tissue penetration, excellent spatial and time resolutions, compatibility with the current therapy systems and a relative low cost compared with other techniques like Nuclear Magnetic Resonance and Computed Tomography.
Some of the approximations that have been proposed to estimate the temperature distribution using ultrasound are based on the analysis of attenuation, the backscattered power, the time of flight (TOF) and the estimation of the average distance between scatterers, i.e. changes in the sound speed and thermal expansion [1] . Table1 . Non -invasive techniques proposed to estimate temperature distribution.
Energy
Active Our laboratory has evaluated and developed some ultrasonic non-invasive methods to estimate the temperature in a non-invasive way [1] . Some of these methods are based on, or partially use, the estimation of the changes in the propagation speed due to temperature increase. These methods have been tested under controlled conditions using phantoms with scatterers and they have shown promising results to estimate temperature inside tissues. In order to go further with our researches dealing with the estimation of temperature inside phantoms at hyperthermia range, it is necessary to study deeply ultrasonic and scattering characteristics of biological tissues at different temperatures.
There are well-know the general techniques employed for velocity and attenuation measures in materials. But, for hyperthermia range, most of the tissue ultrasonic characteristics were reported at one temperature (body or room temperature) or as an average within a specific temperature range. In order to develop a phantom with similar characteristics to those of biological tissue, it is necessary to get an ample characterization of tissue ultrasonic properties within hyperthermia temperatures; for this reason, the main goal of this work is the characterization of some specific behaviour into certain biological tissues: propagation speed and attenuation coefficient. Fat, muscle and liver of pig were tested to create a phantom with similar characteristics to those of tissues in order to be used in the evaluation of the non-invasive temperature estimation techniques.
Methodology
In order to obtain the biological tissue propagation speed and attenuation coefficient, it is necessary to use a preservative solution to keep in good conditions the specimen without changing its properties. The pulse-eco technique, using two 1-mm diameter needles as reflectors, was used to perform these measurements and finally the obtained signals were stored for its farther processing.
Tissue Conservation
A saline solution with a 0.1 M concentration and a 7.4 pH was prepared to preserve the biological tissues before and during the measurement procedure. The solution compounds and quantities are shown in Table2.
In order to prepare the solution, the compounds must be dissolved in small quantities with distillated water, and then they are kept in a 1-liter gauge flask. If it is necessary, the pH has to be adjusted. Once the tissue is placed in the preservative solution, it must be cooled at temperatures between 2ºC and 4ºC to assure a better conservation. The tissues were obtained at a slaughterhouse immediately after the slaughtering to have fresher tissues for the measurements. 
Propagation speed measurement by using the pulse-echo technique
In order to optimize the resulting signal-to-noise ratio in the ultrasonic echoes, a home-made pulse generator [2] [3] was made for driving a 3.5 MHz central frequency ultrasonic transducer (Harisonic, USA), with a high voltage short-duration pulse (spike). The transducer was immersed in a methacrylate container with saline solution, with the tissue placed in front of the transducer and the reflectors inside the tissue. A distance of 5.5 mm was kept between reflectors ( Fig.1 and Fig.2 ). The echo signals were received by the same transducer and were amplified by a homemade amplifier. These signals were digitalized by a digital oscilloscope (Wave Runner 6000A, LeCroy, USA) using a sampling frequency of 5 GHz.
The echo-signals were acquired while the methacrylate container with the tissue was being heated in a temperature range of 26°C to 50°C, in successive increments of 2°C. In order to ensure that the measurements were performed at an accurate temperature, degassed water temperature, outside the container, was controlled by a thermostatic bath (CD10-P5, Haake, Germany) and the temperature inside the phantom was monitored with a thermocouple (HI 935002, Hanna Instruments), inserted inside the tissue near the transducer. The thermocouple resolution was 0.1ºC and measured two temperatures at the same time. An Hg thermometer monitored temperature inside the thermostatic bath but outside the tissue. The time allowed between two measurements was long enough (20 min) to ensure a uniform temperature inside the phantom Cross-correlation method was employed to calculate the time-of-flight between the two main echoes (the first and the last needle echoes). The highest value from the correlation, which indicated the time between echoes in number of samples, was found and then its position indicated, in sample number, the displacement that exists between the echoes. The displacement in seconds was obtained by the multiplication of the number of samples and the inverse of the sampling frequency. Finally, a TOF measurement, between the reflector echo signal maxima, was calculated (Fig.3) .
The propagation speed in the tissue was obtained by using the time-of-flight and the distance between the first and last needles, using the following expression:
where TPS is the Tissue Propagation Speed, D n1n2 is the distance between the needles and t e1e2 is the time-of-flight between needle echoes. Fig.3 Example of the signals obtained by using two needle reflectors.
Measurement of the ultrasonic propagation speed in degassed bi-distillated water as standard material.
To estimate the error of the propagation speed measurements, the degassed bi-distillated propagation speed was measured, with the previously proposed system, in a temperature range of 24°C to 50°C, with successive increments of 0.5°C. We wait for the stabilization of the water temperature inside the container before recording the echo signal. Water was chosen because its acoustic properties are well known at different temperatures; it is a good standard material [4] . The experimental results were compared with those reported for pure water characterization by Bilianuk and Wong [5] .
Attenuation coefficient measurement with the pulse-echo technique
In order to carry out the measurements, the same experimental setup was employed but in this case just one reflector was used. Two signals were taken, the first using the reflector on the tissue surface and the second introducing the needle in the tissue at a precise distance measured by a micrometer that controlled the needle displacement (Fig.4) , with a resolution of 10 µm. The recorded signals inside and outside the tissue were stored for processing, every 2°C within the range of 26°C to 50°C. 
where Vrms2 is rms voltage obtained at the tissue surface, Vrms1 is the rms voltage inside the tissue, d is the distance between the surface tissue and the last point where the needle was placed, and f is the transducer frequency.
Results
Five ultrasonic propagation speed measurements in water were done with the proposed system. The results of each measurement, the average of the five measurements and the obtained values by Bilianuk and Wong [5] in a temperature range of 24°C to 50°C, are shown in Fig. 5 . The differences between the obtained and the previous values can be clearly observed; also, it can be observed that this difference was minimal in the range of 24°C to 38°C, but after these values some peaks were presented due to the blistering on the surface of the reflector needles. In Figure 6 , the propagation speeds are shown. They were obtained from fat by using cross-correlation and time difference between maxima methods; note that they had almost a linear behavior in the specific range with very similar values to those that have been previously reported at 37ºC [6] [7] [8] .
The fat attenuation coefficient (Figure 7) presented a downward behavior up to 36°C. After that temperature, it presented variation ranging between 1 and 1.2 [dB/(cm MHz)]. The fat average attenuation coefficient reported by [6] is 0.6 dB/cm using a 1 MHz transducer. Fig.7 Fat attenuation coefficient at different temperatures. Fig.8 Propagation speed in skeletal muscle, at different temperatures, obtained by using the "difference between maxima" and crosscorrelation.
The differences observed between the methods (cross-correlation and difference between maxima) in the propagation speed, are due to the reflectors arrangement; they cause a phase shift in the second echo signal that introduces an error in the measurement when cross-correlation is employed.
In Figure 8 , the obtained speeds of the skeletal muscle sample are shown. The speed variation can be observed with an upward behavior in almost all the temperature range. The cross-correlation curve presents a smoother behaviour than that obtained with the difference between maxima. The propagation speed values vary between 1570 and 1620 m/s, whereas the value reported by [7] at 24ºC is 1580 m/s, which is similar to the value obtained at that temperature. The results of the muscle attenuation coefficient measurement had an upward behavior and with variations between -0.3 y -0.5 [dB/(cm MHz)]; they are shown in Fig. 9 . The liver ultrasound speed and the attenuation coefficient behavior are shown in Fig. 10 and Fig. 11 , respectively.
In Figure 10 , the propagation speeds of a pig liver sample are shown. The speed variation can be observed with an upward behavior from 18ºC to 42ºC. The cross-correlation and difference between maxima had a similar behavior in all the temperature measurement range. The propagation speed values vary between 1550 and 1585 m/s, the average values reported by [6] are 1550 m/s and 1607 m/s which agree reasonably with the values presented in this paper.
The liver attenuation coefficient presented a downward behavior up to 34°C; after that temperature, it presented variations between 1 and 1. 
Discussion
Some ultrasonic propagation speed measurements in three types of biological tissues were made considering several conditions in order to have a small error in the results.
A first consideration was the alignment of the reflector needles and the transducer. The reflector needles were inserted in the center of a Nylamid base. This base was constructed with the same diameter that the transducer and using the same mechanism to make the measurements, so it could be possible to align the transducer and the reflector needles.
A second consideration was the separation between the reflector needles. This distance was measured with a micrometer several times and then those results were averaged; however, to have reliable results, it was necessary to make a new experiment. A needle arrangement was placed in front of the transducer inside the water and a first signal containing the echoes of the needles was recorded, and also the temperature was recorded. After that, the arrangement was displaced through a known distance, in this case 5mm, with a micrometer and a second signal was recorded. Both measurements were made with the water at the same temperature. The last step was to make a calculus series using the time between the first needle echoes in both signals and the arrangement displacement distance; from these data, the water propagation speed at a specific temperature was obtained. With this speed value and the time between both the first and the second needle echoes, the calculus of the distance between needles was carried out. This result was close to the previous data obtained with the micrometer.
Another error source that was minimized is related to the time between the needles echoes. By using both methods, measurements between echoes maxima and correlation, we obtained similar results; however, the first method had the disadvantage of several and equal values generation in the peak signals due to the oscilloscope sampling frequency and it was also considered as maximum the first value of the data series.
Finally, the temperature measurement in tissues was made with a thermocouple embedded near the point where the signals were taken; once the temperature was reached, the tissue was maintained at this temperature during 20 minutes in order to get a uniform temperature inside. This process could be improved if optical fibre temperature measurement equipment was used to monitor the temperature in four different points inside the tissues.
Conclusions
It was confirmed that the changes in propagation speed of ultrasound in biological tissues, such as muscle, fat and liver, could be employed to linearly estimate the temperature inside them. This is due to the almost lineal response presented by these tissues when they are interrogated by pulses of ultrasound at the megahertz range.
It is necessary to continue the characterization of other tissues to generate a data base of their characteristics within the temperature range used in therapy procedures. With the data obtained so far, the fabrication of phantoms with similar behaviour to the tissues, with temperature increments, can be done.
The tissue conservation could be better if an organ transplant solution is used instead of the saline solution. By using as reflector setup two parallel needles, for the ultrasound speed measurement, it is possible to get reasonably accurate results, in spite of some parasitic phase shifts observed in the second needle echo.
The results can be improved if the measurements are made in thin tissue slices, approximately of the order of one centimetre, to reduce attenuation in the ultrasonic signal. In addition, it will be of interest to advance in order to improve the signal-to-noise ratio in echoes.
